Considering the partition behavior of substitutional alloying elements, a computing method is developed to predict the starting temperature of proeutectoid ferrite transformation (Ar 3 ) in low alloy steels during cooling. The paraequilibrium γ /(α + γ ) phase boundary temperature (denoted Para Ae 3 ) and local equilibrium partition to no-partition transition temperature are calculated using Thermo-Calc software in Fe-C-M 1 , Fe-C-M 1 -M 2 and Fe-C-M 1 -M 2 -M 3 (M 1 , M 2 and M 3 denote substitutional alloying elements) low alloy steels. Compared with Ar 3 taken from published CCT diagrams, it is found that the transition temperature from partitioned to no-partitioned growth agrees relatively well with Ar 3 when the cooling rate is less than 1°C/ min.
Introduction
The transformation-start temperature upon cooling from austenite Ar 3 is affected by various factors such as chemical composition, austenite grain size, and cooling rate as well as the deformation of austenite during cooling. [1] [2] [3] [4] [5] Hence, it is worthy of studying a controlling factor in detail and developing a method of predicting Ar 3 . The principle of additivity proposed by Scheil, 6) used to predict the transformation process under non-isothermal conditions, has been applied to the kinetic study on the starting temperature of ferrite transformation. 7, 8) However, alloying element partition at the α/γ interface is not taken into account in a physical way for Ar 3 calculation according to the additivity principle. As the diffusivities of substitutional alloying elements are usually 4 or 5 orders of magnitude smaller than that of interstitial carbon, 9) the partition behavior of alloying elements will have a very significant effect on the growth kinetics of proeutectoid ferrite. [10] [11] [12] Paraequilibrium (PE) model and local equilibrium (LE) model were widely used to describe alloying element effect on migrating α/γ interface. [13] [14] [15] [16] [17] In PE model, it is assumed that only carbon partitions at the α/γ interface, while there is no redistribution of alloying elements. Hence, when the temperature is lower than Ae 3 of paraequilibrium condition (Para Ae 3 ), the growth of ferrite is controlled by fast carbon diffusion. The LE model adopts full local equilibrium, in which the chemical potential of both carbon and alloying elements are assumed to be equal across the interface. Based on this assumption, the transformation rate is determined either by carbon diffusion or alloying element diffusion due
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Congyu ZHANG, 1) Zhigang YANG, 1) * Masato ENOMOTO, 2) Hao CHEN, 1) Zenan YANG 1) and Chi ZHANG 1) to the large difference in diffusivities of carbon and alloying elements, so there are two partitioning modes of alloying elements during the growth of ferrite. At relatively high temperatures, the growth is controlled by alloying element diffusion, and thus the growth kinetics should be very sluggish. This mode was termed "Partition Local Equilibrium" (PLE). Below a critical temperature, the transformation mode switches to "Negligible Partition Local Equilibrium" (NPLE) mode, in which the kinetics of interface migration is controlled by carbon diffusion, and the concentration of M in the growing phase is the same as that in the parent phase. In the NPLE mode, a "spike" of M is moving ahead of the interface. According to LE model, there is a kinetic transition from PLE to NPLE, and the critical temperature at which the transition occurs is called PLE/NPLE transition temperature (hereafter denoted "PNTT"). While a number of studies have been carried out to prove PE and LE models, [18] [19] [20] [21] [22] [23] [24] still one cannot predict the growth mode, i.e. PE or NPLE, precisely in a given transformation condition.
In this study, the starting temperatures of two fast growth modes (Para Ae 3 and PNTT) are calculated for a series of low and medium carbon low alloy steels. They are compared with experimentally obtained Ar 3 under slow continuous cooling, and the relationships among Para Ae 3 , PNTT and experimental Ar 3 are discussed.
Models
For simplicity, the subscript i = 0 and 1 stand for iron and carbon respectively, and i ≥ 2, for a substitutional alloying element.
PE Model
Thermodynamic conditions for paraequilibrium have been demonstrated in a concise form for Fe-C-M alloys, 25, 26) and are generalized to multicomponent systems. 27) Carbon achieves full equilibrium at the α/γ interface: Taking an Fe-C-M ternary alloy for example, according to Eqs. (1) through (3), the α/(α + γ ) and γ /(α + γ ) phase boundaries under paraequilibrium is schematically shown in Fig. 1 . The bulk composition is located at S, while Points A and B give C and M concentrations at the interface in ferrite and austenite, respectively. It is shown that the alloying element is not partitioned between the two phases, and the carbon concentration of austenite at the α/γ interface is larger than that of the austenite matrix. Thus, the ferrite can grow with the concentration gradient of carbon. The phase boundaries will shift as the temperature is varied. Hence, the paraequilibrium γ /(α + γ ) phase boundary passes through Point S at Para Ae 3 .
LE Model
Based on the LE model of Fe-C-M systems presented by Coates, 17, [28] [29] [30] the partition to no-partition transition temperature, henceforth denoted PNTT, can be obtained by calculating the parabolic growth rate constant of ferrite as a function of temperature, 9, 11) of which the computational cost is quite high. Instead, Sheng and Yang 31) developed an analytical method to directly calculate PNTT, but the range of applicability was not fully discussed. In this study, the thermodynamic method proposed by Hillert 32) was applied to calculate PNTT using Thermo-Calc software, which is more convenient and has a wider range of applicability. According to local equilibrium theory, 17, 28) each component achieves full equilibrium at the α/γ interface: (7) Here, x i α and x i 0 (i ≥ 2) are the mole fractions of the substitutional alloying elements in ferrite and austenite matrix respectively. x C C γ γ γ and x C C 0 0 γ are the carbon activities in austenite at the interface and far from the interface respectively. Equation (7) can be obtained as follows. Using an austenite stabilizer, e.g. M = Mn, Fig. 2 shows the schematic isothermal section of an Fe-C-M phase diagram at a certain temperature. If the bulk composition is located at Point R, the ferrite of composition A will be formed. The other end of the equilibrium tie-line AC corresponds to the composition in austenite at the interface. Then, the carbon activity at the interface is larger than the carbon activity in the austenite matrix, i.e. the carbon isoactivity line C 1 D 1 passing through Point R. Thus the ferrite can grow with the carbon concentration gradient from the interface toward the austenite matrix without any alloying element partition. This is the carbon diffusion controlled NPLE growth mode. However, if the bulk composition is located at Point V, the carbon activity in the austenite matrix (C 2 D 2 ) is larger than that at interface (CD), consequently carbon atoms cannot diffuse from the interface to the matrix. Only when Mn concentration decreases, can the ferrite further grow. Namely, until the composition of the ferrite moves from Point A to Point A 3 , can the carbon activity of austenite at the interface (C 3 D 3 ) be slightly larger than that of austenite matrix (C 2 D 2 ). Here, although A 3 is located at some distance from A 2 in the figure, it is in fact infinitesimally close to A 2 . And this is the alloying element diffusion controlled PLE growth mode. Hence, when the bulk composition is located at Point S, the carbon activity of austenite at the interface ( x C C γ γ γ ) will be the same (CD) as that in the austenite matrix ( x C C 0 0 γ ). The corresponding temperature is the PLE/NPLE transition temperature (denoted "PNTT") of an alloy S.
Results and Discussion

Relationship between Predicted Ar 3 and Experi-
mental Ar 3 during Slow Cooling Ferrite nucleation usually occurs at prior austenite boundaries. Initially, ferrite nuclei may grow very slowly under the PLE mode. Because the carbon diffusion field reaches far from the particle, the possibility of ferrite nucleation may not be large during cooling except at a very initial stage. When the temperature is cooled to PNTT, the ferrite growth will become fast since the NPLE mode starts to operate. Hence, assuming that the volume fraction of ferrite is too small to be detected experimentally at the time when the temperature is cooled to PNTT, the experimentally observed Ar 3 is considered to be close to PNTT of the alloy.
The growth of ferrite during continuous cooling was simulated by DICTRA with MOB2 database. A one dimensional simulation was performed to qualitatively explain the link between Ar 3 and PNTT. Most of the ASTM grain size No. was 7-9 (16-32 μm) in the published diagrams. 33) A thin ferrite layer, 1 nm thick, was attached to the austenite matrix of 25 μm thickness. The simulation was carried out in an Fe-0.14C-2.43Ni alloy (mass%) of which Para Ae 3 (766°C) and PNTT (721°C) were calculated using ThermoCalc. In this simulation, the temperature continuously decreased from Ae 3 (789°C) at a constant rate of 1°C/min. In Fig. 3(a) , the dashed line illustrates the velocity of the α/γ interface as a function of temperature. In contrast to the extremely slow growth at an early stage, the velocity of interface suddenly increases about 3 orders of magnitude around PNTT. Moreover, the Ni profile at the interface does not change appreciably by the time when the temperature reached PNTT (such as 740°C line in Fig. 3(b) ), which indicates that the time is not long enough for Ni to diffuse to the inside of the matrix. However, at 710°C there is a much faster moving Ni spike at the interface, and the ferrite growth is controlled by carbon diffusion, i.e. the NPLE mode operates. The experimental Ar 3 for this alloy is defined as the temperature of 1% transformation in Ref. 34) , which is close to PNTT calculated in this alloy. Therefore, comparisons are extended to other alloys of which CCT is available. 33, 34) Although the simulation assuming paraequilibrium was not in good agreement with observed Ar 3 in this alloy, Para Ae 3 is also calculated because paraequilibrium may work for other alloys in which the transformation temperatures are low due to their composition.
The CCT curves of three alloys are reproduced from Refs. 33) and 34), together with the cooling curves at 1°C/ min. The Ar 3 temperatures increase not more than 3°C with the decrease in cooling rate down to 0.7°C/min, the slowest cooling rate available in the literature. Hence, Ar 3 at 1°C/min is taken to represent the Ar 3 at very slow cooling rates. Accordingly, Ar 3 (cooling rate ≤1°C/min, ASTM austenite grain size No. 7-9 mostly 33) ) for a series of Fe-C-M 1 (M 1 = Mn, Ni), Fe-C-Mn-Si and Fe-C-Mn-Si-Mo steels have been obtained from their CCT diagrams. 33, 34) PNTT and Para Ae 3 were calculated using Thermo-Calc with TCFE6 database, as listed in Tables 1 through 4 . Here, the concentrations of S and P, both of which are less than 0.03 mass%, are not shown in the tables. Besides, alloying elements such as Nb, Ti, V, Cr, Al and B are not contained in these steels.
In Figs. 5 through 8, PNTT and Para Ae 3 for Fe-C-Mn, Fe-C-Ni, Fe-C-Mn-Si and Fe-C-Mn-Si-Mo alloys were plotted as a function of experimental Ar 3 . For the Fe-CMn alloys as shown in Fig. 5 , both PNTT and Para Ae 3 are comparable to experimentally determined Ar 3 , and the deviation among them is generally within 10°C. In Ref. 35) , it has been discussed that the difference between PE and LE predictions for Fe-C-Mn alloys enlarges with increasing Mn concentration. In the current study, Mn concentration in the investigated Fe-C-Mn alloys is relatively low, which leads to a marginal difference between PNTT and Para Ae 3. As shown in Fig. 6 , the calculated PNTT for most Fe-CNi alloys are very close to experimental Ar 3, while the calculated Para Ae 3 for several alloys deviate significantly from experiments. It is clearly indicated that the difference between PNTT and Para Ae 3 increases with increasing Ni concentration or decreasing Ar 3 , which is in good agreement with those of Ref. 35) . In general, an increase in the concentration of γ -formers (Mn or Ni), will decrease A 3 and enlarge the deviation between PNTT and Para Ae 3 in Fe-C-Mn/Ni system (Figs. 5 and 6 ). According to Oi et al., 18) in isothermal transformation, the fast growth of ferrite began to occur at a temperature 10-20°C higher than PNTT in Fe-C-2mass%Mn and 2.5mass%Ni alloys. The above results indicate that experimental Ar 3 in continuous cooling seems to be closer to PNTT than the highest temperatures of fast growth of ferrite observed in isothermal transformation. Figure 7 compares the predicted Ar 3 with experimental Ar 3 in quaternary Fe-C-Mn-Si alloys that contain a γ -former (Mn) and an α-former (Si). As listed in Table 3 , alloys with higher Mn concentration usually have lower experimental Ar 3 and larger deviation between the two predicted Ar 3 . Meanwhile, the effect of Si (increases Ar 3 ) seems to be weaker than that of Mn (decreases Ar 3 ). As discussed in Refs., 9, [36] [37] [38] Si atoms may need less time than Mn to diffuse into ferrite, since the diffusivity of Si is about 5 orders larger than Mn. Thus, the whole growth kinetics would be controlled by the partition of Mn.
LE model in Fe-C-Mn/Ni system, which has been studied in details, can provide a good prediction for the alloy- Note: "PLE" in Table 2 means NPLE mode does not exist in this alloy, neither does PNTT. ing element partition and growth kinetics of proeutectoid ferrite. 11, 39, 40) Some research has also been done in Fe-CMn-Si alloys that still agrees with LE model prediction to some degree. 9, 37) In the current study, the predicted Ar 3 by LE model coincide well with the experimental ones in both Fe-C-Mn/Ni and Fe-C-Mn-Si systems (≤10°C mostly). Here, the experimental Ar 3 in Ref. 34 ) is defined as the temperature of 1% transformation while in Ref. 33) , the temperature at which the dilatometric curve begins to deviate from the straight line is defined as the 'Start' temperature. Since the temperature of 10% transformation is typically about 20°C lower than the 'Start' temperature (see Fig. 3/9 in Ref. 33) ), the temperature of 1% transformation would be lower than Ar 3 at most by ~5°C and this may not alter the degree of agreement with Para Ae 3 or PNTT significantly. However, LE predictions for Fe-C-Mn-Si-Mo alloys deviates to a great extent from experiments, mostly within 20°C. The addition of Mo can cause kinetic anomaly, such as a bay in the TTT curve for the initiation of ferrite formation, 41) which is considered to be the result of Mo segregation to the α/γ interface. 42) Accordingly, for the alloys with high Mo concentration, both PE and LE predictions deviate largely from experimental results. 11, 43) However, Fig. 8 shows that LE model is still a good predicting method and more suit- in Fe-C-Ni system. NPLE mode does not exist in some alloys (see Table 2 ), neither does PNTT. Therefore only Para Ae3 is plotted in these alloys. (Online version in color.) able than PE model for low Mo alloys.
Predictable Range of Alloy Composition
As PNTT could predict Ar 3 well, due attention should be paid to the predictable range of alloy composition. In the method of directly calculating PNTT developed by Sheng and Yang, the application range was not fully discussed. 31) In fact, when the concentration of alloying elements is relatively high, the growth mode of ferrite could be only the PLE mode, i.e. the NPLE mode does not operate 11) Accordingly, the limiting concentration of alloying elements, where the NPLE mode can exist, was calculated to show the thermodynamic upper limit of the alloy element concentration for which the above method is applicable.
Taking an Fe-0.16C-5.06Ni alloy (mass%, Table 2 ) for example, the ferrite growth occurs only under the PLE mode. The composition of this alloy is shown by a black circle in the isothermal section of an Fe-C-Ni phase diagram calculated at Ar 3 (677°C), as illustrated in Fig. 9 . According to the calculation model schematically shown in Fig. 2 , the carbon component ray does not have a point of intersection with the α/(α + γ ) phase boundary in Fig. 9 . The ferrite of the same Ni concentration with the austenite matrix cannot grow. It is necessary that the partition of Ni occurs between the two phases. Hence, the alloy of this bulk composition is in the PLE region.
As is shown in Fig. 9 , the less the carbon concentration is, the more alloying element can be contained in ferrite. Then Fig. 10 was extended to the limit condition that w(C) = 0. At Ar 3 (677°C), the maximum Ni that can be contained in ferrite(w max α (Ni)) is 3.42% that is much smaller than the bulk Ni composition (5.06%). As the temperature decreases, w max α (Ni) increases first and then decreases, passing through a maximum (4.81%) at 495°C. Consequently, this alloy always stays in the PLE region. Thus, the NPLE growth mode of ferrite for this alloy does not exist, neither does PNTT. For these high Ni alloys, Enomoto 44) reported that in an Fe-0.6at%C-6.5at%Ni (Fe-0.14C-6.95Ni in mass%) alloy the Ni concentration in ferrite formed isothermally followed the curve calculated assuming LE at higher temperatures, but deviated from the curve toward the bulk concentration. This indicates that the LE to PE transition occurred as the temperature was lowered. Unfortunately, a simulation of ferrite growth which takes into account the LE to PE transition cannot be carried out by DICTRA. However, the temperature at which Ni partition ceased (610°C, Fig.  1(b) of Ref. 44)) seems to be in fair agreement with the experimental Ar 3 of the Fe-0.14C-7.02Ni alloy (597°C, see Table 2 ) in view of the small difference in composition. A similar observation is also available in Fe-C-Mn alloys in which the Mn concentration exceeds the limit of the NPLE operation (see Fig. 7 of Ref. 11) and Fig. 4 of Ref. 45) ). Hence, even in such alloys, experimental Ar 3 seems to be related closely to the onset of carbon diffusion controlled growth of ferrite.
However, when the bulk composition of alloying element is smaller than w max α , it would be possible for calculating PNTT to predict Ar 3 . Actually, for most common low alloy steels (total concentration of alloying elements ≤5 mass%), LE model is still applicable.
Conclusions
The start-temperatures of ferrite transformation during continuous cooling Ar 3 , here defined as 1% transformation temperature and taken from published CCT diagrams, 33, 34) in low carbon Fe-C base alloys, are compared with the paraequilibrium Ae 3 (denoted Para Ae 3 ) and the local equilibrium partition to no-partition transition temperatures (denoted PNTT) calculated from Thermo-Calc. PNTT provided a prediction of Ar 3 within 10°C in Fe-C-Mn and Ni ternary and Fe-C-Mn-Si quaternary alloys whereas in Fe-C-MnSi-Mo alloys the deviation was somewhat large, i.e. less than 20°C, which was much better than the prediction by means of Para Ae 3 .
In alloys of higher Ni concentration, which exceeds the maximum solubility in ferrite, the prediction of Ar 3 by means of PNTT is not feasible. In these alloys, the PLE to PE transition seems to occur during cooling. Although data are relatively scarce, even in such an alloy, Ar 3 may be closely related to the onset of carbon-diffusion controlled growth. 
